For the standardization of serological tests for Lyme borreliosis (LB) in Europe, the influence of the heterogeneity of Borrelia burgdorferi sensu lato must be assessed in detail. For this study four immunoglobulin M (IgM) and IgG enzyme-linked immunosorbent assays (ELISAs) with octyl-␤-D-glucopyranoside extracts of strains PKo (Borrelia afzelii), PBi (Borrelia garinii), and PKa2 and B31 (both B. burgdorferi sensu stricto) were compared. Strains PKo, PBi, and PKa2 at the passages used for antigen preparations abundantly expressed outer surface protein C (OspC), whereas strain B31 at the passage used for antigen preparation did not express OspC. Sera (all from Germany) from 222 patients with clinically defined LB of all stages, 133 blood donors, and 458 forest workers were tested. None of the forest workers had symptoms consistent with LB at the time that the samples were collected. For IgM tests, receiver operating characteristic curves demonstrated that discrimination between sera from patients and blood donors was best with strain PKo and worst with strain B31. The discriminatory abilities of the four IgG ELISAs were similar in a diagnostically reasonable specificity range (90 to 100%). More than 20% of the sera from forest workers reacted strongly in the PKo IgG ELISA (optical density value, >1.5; other assays, less than 8%). Western blots of the sera with the most discrepant ELISA results revealed almost exclusive reactivity with p17. This highly immunogenic antigen is only expressed by strain PKo. This observation might be important for the development of assays enabling discrimination between asymptomatic or previous infection and active disease.
Lyme borreliosis (LB) is a global tick-associated disease caused by infection with Borrelia burgdorferi sensu lato. The disorder develops in stages and has different manifestations. In Europe, three species pathogenic for humans (2) and at least eight serotypes of B. burgdorferi sensu lato (40, 44) demonstrating both inter-and intraspecies heterogeneity are known. Different species seem to show a preferential association with different clinical manifestations (1, 35, 44) . The most frequent disorders in Eurasia are erythema migrans (EM) localized around the tick bite lesion, neuroborreliosis (NB), acrodermatitis chronica atrophicans (ACA), and arthritis (19, 32) . In Europe, all three pathogenic species have been isolated from human biopsy specimens and cerebrospinal fluid (CSF) as well as from ticks (Ixodes ricinus), but the predominant species seem to be Borrelia afzelii and Borrelia garinii. B. afzelii has been found to be associated more frequently with skin lesions, whereas B. garinii is the predominant species found in patients with neurological disorders (8, 35, 40, 44) . In North America only B. burgdorferi sensu stricto occurs (30, 44) ; arthritis occurs frequently, whereas ACA is almost unknown, and multiple EM lesions are more common in North America than in Europe (33) .
The diagnosis of Lyme disease is based on the recognition of typical clinical signs and is supported by laboratory tests, especially if the clinical picture is not clear. Since culture is laborious and insensitive and PCR assays are still considered controversial, routine testing comprises mostly serological methods. However, serology also harbors several problems: The occurrence of cross-reacting antibodies may result in falsepositive findings (5) . Furthermore, patients may still be seronegative in the early stages of the infection and the humoral immune response can be diminished after the early onset of antibiotic treatment (37) . Several strategies for increasing both sensitivity and specificity (i.e., the discriminatory ability of the test) have been developed, for instance, preabsorption of cross-reactive antibodies with Treponema phagedenis (49) , the use of detergent extracts of B. burgdorferi sensu lato (3) , and the use of purified flagella (16) or various recombinant antigens (7, 31, 41, 42) .
Serological tests for Lyme disease have not been standardized so far, leading to considerable variations in test results among different laboratories. The heterogeneity of Lyme disease borreliae as well as different methods of antigen preparation and test performance may contribute to the problem.
In Europe, the extent of variation resulting from the use of different strains for antigenic preparations is still widely discussed (1, 23, 46, 48) . Differences in the regional distributions of borrelial species may further influence the preferential reactivities of sera from patients with LB (6, 26) .
In this study, enzyme-linked immunosorbent assays (ELISAs) with detergent extracts of different strains representing the three species pathogenic for humans were compared. Strains PKo (B. afzelii), PBi (B. garinii), and PKa2 (B. burgdorferi sensu stricto) at the passage used to obtain coating antigens abundantly expressed outer surface protein C (OspC), whereas strain B31 (B. burgdorferi sensu stricto) at the passage used to obtain coating antigen did not express OspC. In Western blot studies OspC has been shown to be one of the most immuno-dominant antigens for the early immune response (12, 13, 17, 48) . The influence of the expression of this lipoprotein on the results of ELISAs was especially monitored by comparison of the test results for the otherwise closely related B. burgdorferi sensu stricto strains PKa2 and B31 (20, 29, 38, 43) . To analyze the sensitivities and specificities of the four ELISAs, we probed sera from German patients with different clinical manifestations as well as sera from healthy blood donors and forest workers (as an example of a group highly exposed to ticks and at high risk of contracting infections with B. burgdorferi sensu lato).
coefficients of variation are usually less than 15% for positive samples, and the assays with the other strains were produced and run in exactly the same way. Quantification of specific IgG has been established for the PKo assay (27) .
SDS-PAGE and WB. Western blotting (WB) was performed and the results were interpreted as previously described in detail (17) . Briefly, a cell lysate was electrophoresed (22) by using 12.5% polyacrylamide gels 17 cm in length. Proteins were transferred to nitrocellulose (Schleicher & Schuell, Dassel, Germany) by semidry blotting (21) . After blocking of unspecific binding sites, the membranes were incubated in sera diluted 1:200 for the IgG WB and 1:100 for the IgM WB, washed, and incubated with horseradish peroxidase-conjugated antihuman IgG and IgM antibodies, respectively (Dakopatts, Copenhagen, Denmark) (dilutions, 1:1,000 for IgG and 1:500 for IgM). Color was developed by adding diaminobenzidine and H 2 O 2 .
The following interpretation criteria for a positive WB result were used: for IgG WB, at least two bands of p83/100, p58, p43, p39, p30, OspC, p21, p17, and p14 for PKo, at least one band of p83/100, p39, OspC, p21, and p17b for PBi, and at least one band of p83/100, p58, p56, OspC, p21, and p17a for PKa2; for IgM WB, at least one band of p39, OspC, and p17 or a strong p41 band for PKo, at least one band of p39 and OspC or a strong p41 band for PBi, and at least one band of p39, OspC, and p17a or a strong p41 band for PKa2 (17) .
Statistics. When appropriate, the results were analyzed by McNemar's 2 test (paired proportions) or Fisher's exact test (independent proportions). All statistical tests were performed in a two-sided manner.
Receiver operating characteristic (ROC) curves, which are plots of 1 Ϫ specificity versus sensitivity (false-positive rate versus true-positive rate), were constructed for all ELISAs. Specificity levels were based on various cutoff values obtained from percentile calculations for 133 blood donors; the respective sensitivities were determined by testing 222 serum samples from patients with LB. The discriminatory ability of each assay is represented by the area between the diagonal line from 0/0 to 1/1 and the respective ROC curve (11) .
Spearman rank correlation coefficients were determined (OD values were not normally distributed) to analyze the correlation of the OD values from the different ELISAs (11) . Fig. 1 , strains PKo, PBi, and PKa2 abundantly expressed OspC at the passages used, whereas strain B31 completely lacked this antigen at the passage used. OGP extracts of these whole-cell lysates were used as antigenic coatings. Definition of cutoff values. Sera (n ϭ 133) from blood donors were tested, and the OD values of all sera were sorted separately for each test for the determination of percentiles (Fig. 2) . The 10 most strongly reacting serum samples in the IgG ELISAs and the 18 most strongly reacting serum samples in the IgM ELISAs were subsequently tested by WB with whole-cell lysates of the respective strains. Most sera were either positive or showed reactions with unspecific bands (for IgG WB with PKo, 6 positive and 3 unspecific serum samples; for IgG WB with PBi, 5 positive and 4 unspecific serum samples; for IgG WB with PKa2, 6 positive and 2 unspecific serum samples; for IgM-WB with PKo, 6 positive and 10 unspecific serum samples; for IgM WB with PBi, 7 positive and 8 unspecific serum samples; for IgM WB with PKa2, 5 positive and 9 unspecific serum samples). Between the 92nd and 100th percentiles the OD values of the IgG ELISAs increased considerably, whereas in the IgM ELISAs a gradual increase was observed. The OD values of the 92nd and the 95th percentiles were defined as cutoffs for the IgG and the IgM assays, respectively (Table 1) . For simplification, no borderline or retest ranges were defined in this study. ROC curves. The discriminatory abilities (between patients and controls) of the four ELISAs were analyzed by ROC curves (Fig. 3) . By this method, the properties of a diagnostic assay can be analyzed without reference to an individual (arbitrary) cutoff. For IgG tests the largest ROC areas resulted for the B31 ELISA, but in the specificity range of between 90 and 100%, which is conclusive for diagnostic purposes, the differences in the sensitivities of the four assays strongly depended on the specificity level. For example, at 92% specificity, the highest sensitivity was achieved with the PKo ELISA (PKo ELISA, 68%; PBi ELISA, 65%; PKa2 ELISA, 57%; B31 ELISA, 63%), whereas at 97% specificity, the PKo ELISA was the least sensitive (PKo ELISA, 39%; PBi ELISA, 46%; PKa2 ELISA, 50%; B31 ELISA, 53%). For IgM tests the ROC area of the PKo ELISA was the largest and the ROC area of the B31 ELISA was the smallest, meaning that the PKo test gave the best discrimination and the B31 test gave the worst.
RESULTS

Preparation of antigens. As demonstrated in
Sensitivities for different study groups. Subsequently, the sensitivities of the four ELISAs were determined separately for all study groups (Table 2 ). Whenever possible, differences between ELISAs were analyzed by McNemar's 2 test. For NB I, similar sensitivities were obtained by the PKo, PBi, and PKa2 ELISAs, but the sensitivities of the B31 ELISAs were lower. However, since no more than 38 samples were available for this group (a positive culture of CSF was required), these differences were insignificant. By testing for both IgG and IgM, 73.7% (B31 ELISA) to 84.2% (PKa2 ELISA) of the sera were found to be positive. For NB II, the PKo tests were the most sensitive, followed by the PBi, PKa2, and B31 tests, in decreasing order.
The best strain for the detection of antibodies in patients with EM lesions was PKo. The PBi and PKa2 ELISAs showed similar results, while the results of the B31 IgG ELISA were comparable to those of the PKo IgG assay, but the B31 IgM ELISA was the least sensitive of the four IgM tests. By testing for both IgG and IgM, 62.1% (PBi and PKa2 ELISAs) to 75.8% (PKo ELISA) of the sera were positive.
All sera from patients with ACA were reactive in all four IgG ELISAs. IgM antibodies could be detected in 9.7% (B31 ELISA) to 48.4% (PKo ELISA) of the patients with ACA.
The sera from the forest workers were more frequently reactive in IgG ELISAs with PKo or PKa2 than in IgG ELISAs with PBi or B31. IgM tests were positive for 1.1% (B31 ELISA) to 12.0% (PKo ELISA) of the forest workers. A total of 41.5% (B31 ELISA) to 46.9% (PKo ELISA) of the sera were positive by evaluation by both IgG and IgM tests.
Correlation of OD values of different ELISAs.
To demonstrate correlations of ELISA results, OD values from different assays were plotted against each other (Fig. 4 and 5) . In IgG tests (Fig. 4) with sera from patients with NB the highest correlations occurred between the PKo, PBi, and PKa2 ELISAs (all Spearman rank correlation coefficients, r values, greater than 0.96). The correlation coefficients of the plots between ELISAs with each of the last three strains and the ELISA with strain B31 were between 0.84 and 0.87. For the groups of forest workers as well as patients with skin manifestations (EM and ACA), results of tests with strains PBi, PKa2, and B31 correlated better (r values, greater than 0.95 for all correlations) than the PKo ELISAs with any of these other assays (r values, between 0.84 and 0.93). This scattering resulted from the fact that several sera from these groups were considerably more reactive with PKo than with the other strains.
In IgM tests ( Fig. 5) with sera from all patients with LB (both neurological and skin manifestations), the best correlations were found between PKo, PBi, and PKa2 ELISAs (r values, between 0.84 and 0.96). The scattering was wider in the plots of the data for the B31 ELISA against the data for the ELISAs with each of the other strains (r values, between 0.57 and 0.74). In tests with the sera from the forest workers, r was between 0.61 (PKo ELISA versus B31 ELISA) and 0.80 (PBi ELISA versus PKa2 ELISA). WB of selected sera. Several sera which had shown discrepant reactivities in ELISAs with different antigens were further examined by WB to identify the individual antigens which were recognized. Since most serum samples did not show such discrepant reactivities, this selection does not represent the respective study groups, with the exception of some of the sera from forest workers and patients with ACA. Examples of some results are presented in Fig. 6 . Serum samples A (from a patient with NB) and B (from a patient with EM) showed preferential IgM reactivity with OspC from PBi. Serum sample C (from a patient with NB) reacted with p41 of PKa2 and PBi but not with p41 of PKo, whereas serum sample D (also from a patient with NB) reacted almost only with p17 of PKo (both serum sample C and serum sample D were tested by WB for IgG). Serum samples E and F were obtained from a patient who had had an ACA 5 years previously (serum sample E) and a forest worker (serum sample F). They both showed remarkable preferential IgG reactivity with PKo, and the most immunodominant protein was p17. An additional 22 serum samples from forest workers, which were selected due to their predominant IgG reactivities with PKo, were also strongly reactive with p17 by WB.
Elevated specific IgG concentrations in patients with clinical manifestations and asymptomatic infections. The significance of OD values in different ranges of the four IgG ELISAs is demonstrated in Table 3 . The percentages of sera with OD values greater than three arbitrarily defined levels (ODs of Ͼ0.5, Ͼ1.5, and Ͼ2.5) were determined for the patients with clinically defined LB as well as for the forest workers. The PKo ELISA showed no significant differences between these two groups (P Ͼ 0.05). However, in assays with all other strains, significantly higher percentages of sera from patients with LB were strongly reactive in comparison to the sera from forest workers (P Ͻ 0.01 for most comparisons).
DISCUSSION
Definition of cutoff values.
A basic precondition for the comparison of sensitivities of different tests is the definition of cutoff values. The 133 blood donors whom we tested for this purpose came from southern Bavaria, where Lyme disease occurs relatively frequently (19, 25) (incidence and prevalence are not known exactly, but on average, 12.6% [15] of the ticks in this area have been shown to be infected with B. burgdorferi sensu lato). The sera were obtained from a blood bank, and therefore, exclusion of samples from persons with a history of LB was not possible. Considering the remarkably higher IgG reactivities of a few of these serum specimens (Fig. 2) , which were mostly confirmed by WB, it was assumed that these sera might represent samples from persons with prior infections. Thus, the cutoff OD values for the IgG ELISAs were defined by the 92nd percentile and not by the 95th percentile, as usual. Furthermore, cutoff values must provide a realistic basis for the comparison of the four assays, and the OD values between the 92nd and the 100th percentiles seemed to be much more strongly influenced by chance (Fig. 2) . Since IgM reactivity reflects early disease, which presumably occurs comparably less frequently in a general population, the cutoffs for the IgM tests were defined by the 95th percentile. The resulting cutoff levels suitably reflect the differences in the four ELISAs. These differences might result from minor variations in the plate coatings as well as from the general preferential reactivity of the sera from the blood donors representing the local population.
In principle, this percentile method may lead to rather arbitrary results. Just a few samples from the blood donor panel are critical for the outcome of the whole study (unless thousands of sera are probed only for the definition of cutoffs). This problem can be demonstrated very clearly by the analysis of VOL. 36, 1998 IMPACT OF STRAIN HETEROGENEITY ON LYME DISEASE SEROLOGY 433 ROC curves. However, because all other methods are arbitrary as well, we retained it. ROC curves. The ROC curves for IgG tests (Fig. 3A) indicate that the best overall discrimination between sera from patients with LB and controls was achieved with B31 from the passage at which it lacked OspC. OspC is an early antigen which can also be recognized by unspecific antibodies at a very low level (13) . Perhaps this could explain the lower background reactivity of the B31 IgG ELISA. However, the greatest distances between the four ROC curves were observed at specificity levels lower than 90%, which are not useful for diagnostic purposes. Regarding the section between 90 and 100% specificity, the curves are considerably more similar. Comparison of individual specificity levels, however (for example, 92 and 97%), leads to large variations in the differences in sensitivities between different tests. This clearly demonstrates the consequences of using arbitrarily defined cutoff levels.
For IgM ELISAs, the best discrimination was achieved with PKo and the worst was achieved with B31 (Fig. 3B) . From Fig.  2 it is evident that 97% of the sera from blood donors had remarkably low OD values in the IgM PKo ELISA. On the other hand, by regarding the high degrees of correlation of the OD values from different IgM assays (Fig. 5) , it seems as if the high sensitivity obtained with PKo might be caused by the relatively low cutoff. However, since all assays with the four antigen preparations were run in parallel and batches of plates were not changed throughout the study, a bias seems to be unlikely. The low discriminatory ability of the B31 IgM test can be explained by the lack of OspC, which is one of the most immunodominant proteins for the early immune response in patients with LB (12, 13, 17, 48) .
Sensitivities for individual study groups. For the sera from patients with EM and the NB II group, the best results were obtained with PKo. For the sera from patients with EM, this can be explained by the predominance of B. afzelii strains in skin lesions (8, 9, 44, 47) . The sera from the NB II study group were selected on the basis of the criterion of a specific IgG CSF/serum index of Ͼ2.0, and this index was determined by a PKo-based ELISA. Therefore, the high sensitivity of the PKo ELISA in the current study could result from this selection. On the other hand, for sera from the NB I group (selection criterion, isolate from CSF), the sensitivities of the PKo, PBi, and PKa2 ELISAs were very similar, with the PKa2 ELISA showing a slightly higher sensitivity. However, in other studies sera from patients with neurological disorders were preferentially reactive with B. garinii (1, 26, 42) , and strains of this species have been isolated most frequently from CSF (8, 40, 44) . All sera from patients with ACA were positive in all IgG ELISAs, suggesting that the source of antigen is not critical for the detection of LB in sera from patients with late-stage LB. For the group of forest workers, a relatively high frequency of asymptomatic and previous infections can be assumed. At least 40% of their sera were positive by all IgG ELISAs (compared to 8% for the group of blood donors).
Correlation of OD values of different ELISAs. For several sera from patients with ACA as well as from forest workers, a markedly stronger IgG reactivity with PKo was found (in comparison to those obtained with the other strains). Therefore, the correlations between PKo and all other strains were lower than the correlations among these other strains (Fig. 4) . However, the good correlation of PBi or PKa2 versus PKo for the NB groups may indicate that the strain discrepancy observed in forest workers and patients with ACA is not biased by the coating conditions of the ELISA solid phase. WB of several selected serum specimens with discrepant reactivities revealed that this preference of PKo was mostly caused by strong reactivity with p17 ( Fig. 6E to F) . This is a highly immunogenic protein of strain PKo (17, 46) which is apparently not expressed by the other three strains. For sera from patients with EM lesions, frequent IgG reactivity with several proteins unique for PKo was demonstrated previously (17) (other B. afzelii strains have not been tested so far). For the NB groups, the somewhat lower correlations between B31 and each of the other three strains could be explained by the lack of OspC in B31. Thus, sera primarily recognizing OspC showed less intense reactivities with B31. However, a few individual serum specimens also showed discrepant ELISA reactivities caused by the discrepant recognition of other antigens (for example, Fig. 6C and D) .
Since OspC is one of the most immunodominant antigens in the early immune response, lower correlations of B31 with the other strains were especially marked in IgM ELISAs (Fig. 5) . B. burgdorferi sensu stricto B31 tends to lose OspC after many passages, contributing to its poor IgM sensitivity in all stages of LB, while strain PKa2 expressing OspC shows a considerably higher IgM sensitivity. This view is consistent with a statement of U.S. health authorities that high-passage isolates of B31 lacking OspC are not recommended for use in serological tests for LB (10) .
For two serum samples selected due to discrepant reactivities in IgM ELISAs, preferential reactivity with OspC of PBi could be demonstrated by WB (Fig. 6A and B) . In a study by Mathiesen et al. (24) , the OspC of a B. garinii strain was also more sensitive in WB than the OspCs of a B. burgdorferi sensu stricto strain and a B. afzelii strain.
In the current study, the highest correlations in both IgG and IgM ELISAs were observed between PBi and PKa2 in all study groups. Although these two strains belong to different species and some well-characterized proteins are rather heterogeneous (20, 29, 38, 43) , immune reactivity with other presumably highly conserved antigens may be compensatory.
Clinical manifestations versus asymptomatic infection; what do elevated specific IgG concentrations mean?
In general, specific IgG concentrations increase with the duration of LB (18, 34) (at least during the first months, if no antibiotic treatment is performed). Usually, in late stages, high antibody concentrations are observed. Unfortunately, however, especially in late LB, antibody activity can persist over years even if successful treatment is performed (14, 36) . Thus, only limited information about the activity can be achieved by monitoring the specific IgG concentrations over the course of the disease. As already mentioned, many sera from the healthy forest workers had stronger IgG reactivities with PKo than with the other strains tested. This observation led to the assumption that assays with strains other than PKo might be more informative with regard to the activity of the disease. Therefore, the percentage of sera with OD values greater than a few exemplarily chosen levels were determined for all patients with LB as well as for the forest workers (Table 3 ). Significantly more sera from patients with LB than from forest workers reached OD values greater than these levels in tests with PBi, PKa2, and B31. With PKo, no significant differences were detected. Thus, it could be shown that highly elevated antibody concentrations are more likely to be associated with clinical manifestations of disease than with asymptomatic or passed infection if strains other than PKo are used. However, with respect to this evaluation it should be mentioned that the prevalences of clinical manifestations of LB in all patients with LB (n ϭ 222) selected for this study does not represent the actual prevalences of manifestations of LB in the general population (e.g., EM is more common than NB).
A combination of a PKo assay and a test based on PBi or PKa2 might be most informative. For example, one assay could be used for screening and the other could be used for confirmation. The combination of strong PKo reactivity and weak non-PKo reactivity might be consistent with ACA or asymptomatic infection. If these results were obtained, for example, for a patient who is suffering from an atypical neurological disorder, B. burgdorferi sensu lato presumably might not be causative. However, these are unproven suggestions, and interpretation needs to be specified in detail. This might be possible only in specialized laboratories and would require intensive communication between physicians in the laboratories and in hospitals or offices.
Conclusion. In routine testing results can vary considerably among different laboratories. Besides differences in antigen preparation and test performance, this variation may result from the use of different species of B. burgdorferi sensu lato. By generalizing the results of the current study, it might be assumed that these variations occur mainly between B. afzeliibased tests on the one hand and assays with B. burgdorferi sensu stricto or B. garinii on the other hand. However, regional differences may further influence test results. Furthermore, variations in the level of expression or a complete lack of expression of immunodominant antigens such as OspC may be critical. Since the OGP extract of PKo was the most sensitive in this study but extracts of the other strains were better able to differentiate between active disease and asymptomatic infection, we suggest that a combination of a test with a B. afzelii strain and another test with a B. garinii strain (high sensitivity with sera from patients with NB) might be most informative. If WB with PKo were used, mere detection of a p17 band without other significant bands might be grounds for suspicion of previous LB. Further investigations are necessary to elucidate this assumption.
